The core protein of hepatitis C virus (HCV) is considered to be cleaved from the N terminus of the large precursor polyprotein by cellular signalase. The HCV cDNA encoding the core protein was expressed (i) in monkey COS cells by a plasmid expression vector driven by the SR~ promoter, and (ii) in insect cells by a recombinant baculovirus. The expressed product had an M r of 22 000 and was located in the cytoplasm. When the C-terminal hydrophobic domains were deleted, however, the truncated core proteins were translocated into the nucleus. The truncated core proteins were located in the nucleus even when they were expressed as a fusion protein with E. eoli fl-galactosidase, which is essentially localized in the cytoplasm. Plasmids containing HCV cDNAs with a deletion in one of the regions encoding clusters of basic amino acids were expressed in COS cells and the localization of the core protein was examined. The residues PRRGPR were suggested to play an important role in nuclear localization. HCV is an RNA virus and its life cycle was originally considered to be confined to the cytoplasm; the present study, however, suggests that the HCV core protein can translocate into the nucleus under certain circumstances.
Introduction
Hepatitis C virus (HCV) is a major causative agent of non-A, non-B hepatitis Kuo et al., 1989; Houghton et al., 1991) . It has an RNA genome of about 9.4 kb with positive polarity . One large open reading frame occupying most of the genome codes for a precursor polyprotein which is then cleaved into individual viral proteins by cellular and viral proteases Grakoui et al., 1993b) . This strategy was initially postulated following a comparison of HCV genome organization with that of the distantly related pesti-and flaviviruses and was supported by in vitro translation and the expression of HCV cDNAs in animal cells (Miller & Purcell, 1990; Takeuchi et al., 1990; Hijikata et al., 1991; Grakoui et al., 1993b) . The core protein is thought to be cleaved from the polyprotein * Author for correspondence. Fax +81 3 5285 1161. e-mail: tmiyam@nih.go.jp t Present address: Hoechst Japan Ltd, Kawagoe-shi, Saitama 350, Japan.
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by cellular signalase Grakoui et al., 1993b) . It is composed of 191 amino acids and is not glycosylated Hijikata et al., 1991) .
The HCV core protein appears to be synthesized efficiently during the course of viral replication . Titres of antibody to the HCV core protein are higher than those of antibodies to any other gene products of HCV in sera of patients with hepatitis C Hosein et al., 1991 ; Van der Poel et al., 1991 ; Katayama et aL, 1992) . This antibody assay as well as the ones using non-structural proteins of HCV has suggested that HCV infection is associated with hepatocellular carcinoma (HCC) (Bruix et al., 1989; Colombo et al., 1989; Saito et al., 1990; Nishioka et al., 1991) . This strong seroepidemiological correlation, however, is not supported by biological characterization of HCV analysed to date; there is no evidence of the presence of reverse transcriptase, nor of integration of the HCV genome into host cell DNA (Chou et al., 1991) . The mechanism by which HCV infection induces hepatocarcinogenesis, if any, is completely unknown.
During the course of the study of virus-cell interactions by the use of HCV proteins expressed in various cells by its cDNA, we examined the subcellular distribution of the HCV core protein. In preliminary studies, we showed that the C-terminally truncated HCV core protein was detected in the nucleus but not in the cytoplasm (Kim et al., 1991; Suzuki et al., 1991) . This observation was recently confirmed by Ravaggi et al. (1994) . In this study, we identified the signal sequence for the HCV core protein that allows it to locate in the nucleus.
Methods
Plasmids for expression of intact HCV core protein. HCV cDNA clones used for this research were derived from a healthy Japanese HCV carrier (Kubo et al., 1989; Takeuchi et al., 1990) . The expression plasmid vector pcDL-SR~296 was described previously (Takebe et al., 1988) . Plasmid pSR39 was made from plasmid pSR316, which contains HCV cDNA covering the region for the core, E1 and a part of the E2 proteins . The region spanning E1 and a part of E2 was cleaved out by treatment with Xbal and the Klenow fragment of DNA polymerase I to make a blunt end, and then by digestion with FspI. The FspI-XbaI fragment was then recircularized by T4 ligase. The HCV cDNA within pSR39 is from nt 318-912 which corresponds to amino acids 1-194 (Takeuchi et al., 1990) (Fig. 1) . Takeuchi et al. (1990) . Solid bars indicate the lacZ gene that encodes fl-galactosidase (Maekawa et al., 1991) . The SR~ promoter has been described previously (Takebe et al., 1988) . Poly(A), SV40 late polyadenylation signal; Ap r, ampicillin resistance gene; O, plasmid replication origin.
Plasmids for expression of truncated
proteins lacking the C-terminal hydrophobic domains. Plasmid pSR316 was treated with DralII and the Klenow fragment. The resultant linear fragment was ligated to a Nod linker, AGCGGC-CGCT. It was digested with NotI and XbaI, filled in with the Klenow fragment, and then ligated to make pSR38, pSR38 thus contains the HCV cDNA from nt 318 to 786 that corresponds to amino acids 1-152 (Takeuchi et al., 1990) ; the polypeptide encoded lacks one of the two C-terminal hydrophobic domains in the core protein, pSR37 encoding the HCV core protein lacking two hydrophobic regions was also constructed from pSR316, pSR316 was digested with ClaI and XbaI and treated with the Klenow fragment before ligation, pSR37 contains the HCV cDNA from nt 318-699 which corresponds to amino acids 1-123 (nt 33(~698) (Fig. 1) .
Plasmids for expression of fl-galactosidase and HCV core-fl-galactosidase fusion protein. The cDNA of fl-galactosidase was cleaved from pGTfkT(R) (Maekawa et al., 1991) by digestion with KpnI and Sinai. The blunt-ended cDNA fragment obtained by treatment with the Klenow fragment was inserted into pSR316. Before the insertion, pSR316 was treated with NotI, Tthl 11I and the Klenow fragment to delete the E1 and a part of the E2 regions of the HCV genome. The nucleotide sequence upstream of the initiation codon of the flgalactosidase gene in this plasmid is the same as that of the other HCV expression plasmids described above. A plasmid for expression of the truncated HCV core protein (1 123 aa) and fl-galactosidase fusion protein was made as follows. An HCV cDNA fragment was obtained by the PCR method with the primers SRPS (5' GCTCCTCAGTG-GATGTTGCC 3') and 480A (5' CGGTACCTCGATGACCTTACC-CAA 3') from pSR39. The PCR product was digested with PstI and KpnI. A KpnI and Sinai fragment of the fl-galactosidase gene was cleaved from pGTfkT(R). These two fragments were inserted into the PstI site of pcDL-SR~296 pre-digested with Tthl 1 lI and filled in with the Klenow fragment.
Plasmids for expression of the truncated HCV core protein with clusters of basic amino acids deleted. First, two HCV cDNA fragments were generated from pSR37 by the PCR method. One was made by using the primer pair SRPS (described above) and 122A (5' CGCT-AGCATTTGTGCTCATGATGC 3'). It was then digested with PstI and NheI. The other fragment was made by using the primer pair 150S (5' CGCTAGCAACACCAACCGTCGCCC 3') and SRKAS (5' CATCAATGTATCTTATCATG 3'), and digested with NheI and Asp718. These two fragments were inserted into the PstI-Asp718 cloning site of the expression vector pcDLSR~296. The resultant pSR37-dl thuscontainsHCVcDNA fromnt 318 699 with the internal deletion from nt 342-368 which corresponds to amino acids PKPQ-RKTKR. Two other expression plasmids were constructed by similar methods using primer pairs SRPS 221A (5' CGCTAGCCAACAAGT-AAACTCCAC 3') and 240S (5' CGCTAGCTTGGGTGTGCGTGC-GAC 3'~SRKAS for pSR37-d2, and SRPS 281A (5' CGCTAGCT-TGCGACCGCTCGGAAG 3') and 324S (5' CGCTAGCGAGGGC-AGGACCTGGGC 3')-SRKAS for pSR37-d3. Consequently, pSR37-d2 contains the HCV cDNA from nt 318 699 except for the sequence from nt 441-458 that corresponds to the basic amino acid cluster PRRGPR, while pSR37-d3 lacks the HCV genome sequence from nt 501-542 coding for another basic amino acid cluster, PRGRRQPI-PKARRP (Fig. 6 ).
Construction of recombinant baculoviruses and expression.
The HCV cDNAs in pSR39, pSR38 and pSR37 were transferred to the baculovirus transfer vector pAcYM1 (Matsuura et al., 1987) and cotransfected into Spodoptera frugiperda cells with AcNPV DNA by lipofectin (Gibco BRL). Three days after transfection, recombinant viruses were selected by plaque assay and virus stocks with high titre were prepared. Insect cells infected with recombinant viruses were analysed at 3 days after infection. Immunoblotting. Cell extracts were separated by SDS-PAGE and transferred to Immobilon transfer membranes (Millipore). The filters were treated with 100 % Block Ace for 1 h, and then incubated for another 1 h with 200-fold-diluted mouse anti-HCV core or 1000-fold diluted mouse anti-fl-galactosidase monoclonal antibodies. After several washes and incubation with alkaline phosphatase-conjugated goat anti-mouse Ig (TAGO), 5-bromo-4-chloro-3-indolyl phosphate and nitro blue tetrazolium (Wako Pure Chemical Industries) were added.
Antibody. The mouse monoclonal antibody (2E5) was raised against the complete HCV core protein expressed in Escherichia coli. Its subclass was IgG2a. This antibody recognizes the HCV core epitope of amino acids 105-112 (J. Chiba & H. Ohba, unpublished) .
Results

Subcellular localization of complete and truncated HCV core proteins
Expression plasmids which contain HCV eDNA fragments covering the entire or partial coding regions for the core protein were constructed. While pSR39 contains the entire coding region for the core protein, pSR38 and pSR37 lack one and two hydrophobic domains of the Cterminal core protein, respectively (Fig. 1) . COS cells were transfected with these three plasmids, and the expressed products were analysed with serum from a patient with chronic hepatitis C. pSR39, pSR38 and pSR37 produced single bands with M~s of 22000, 20000 and 18000, respectively, as expected (Fig. 2) . By immunofluorescence, the core protein expressed by pSR39 was found to be diffusely distributed in the cytoplasm (Fig. 3 a) . Such cytoplasmic localization of the HCV core protein was first shown by experiments with plasmid pSR316, which encodes both core and E1 ([,) proteins of HCV . However, the truncated HCV core proteins expressed by pSR38 were mostly localized in the nucleus and partly in the cytoplasm (Fig. 3 b) . In the cells transfected with pSR37, the truncated core protein was exclusively localized in the nucleus (Fig. 3 c) . This was also observed in a human liver cell line, HepG2, transfected with these plasmids. Truncated HCV core protein encoded by pSR37 was located in the nucleus, while full size core protein encoded by pSR39 or pSR316 was in the cytoplasm (D.W. Kim, R. Suzuki, T. Harada, I. Saito & T. Miyamura; unpublished).
To confirm this phenomenon, recombinant baculoviruses expressing the three c D N A fragments were constructed and the proteins expressed in Sf9 cells were analysed similarly. Western blotting analysis revealed that the intact and truncated HCV core proteins synthesized in this system were of the same size (data not shown) as those observed in COS cells (described above). Similar cellular localization of the three HCV core proteins was observed by immunofluorescence (Fig. 4) . The complete core protein expressed by Ac39 (Fig. 4a) was detected in the cytoplasm while the truncated core protein expressed by Ac38 (Fig. 4 b) was localized in both nucleus and cytoplasm. However, the truncated HCV core protein expressed by Ac37 was concentrated within the nucleus like an inclusion body as shown in Fig. 4 (c) .
Localization of the fusion prote#l of the H C V truncated core and fl-galactosidase proteins
The lacZ gene encoding fl-galactosidase was fused downstream of the HCV c D N A fragment coding for the truncated core protein (pSR37-p; Fig. 1 ). The fused protein was expressed in COS cells under the control of the promoter described above. At 72 h after transfection, cells were fixed and the cellular localization of the chimeric protein was determined by immunofluorescence using a monoclonal antibody to fl-galactosidase. While the intact fl-galactosidase, with an M r of 116000 as determined by the Western blotting, was located in the cytoplasm, the fused protein, with an M r of 130000, was translocated into the nucleus (Fig. 5) .
Deletions in the basic amino acid clusters
The above data suggested that the HCV c D N A in pSR37 has a potent nuclear localization signal (NLS) which is even able to transport such a large molecule as flgalactosidase. In fact, there are three clusters of basic amino acids within this region of the H C V genome. They are PSKPQRKTKR13, WSRRGPR 43 and pSSRGRRQP-I P K A R R P rl. These sequences are conserved among different types of HCV isolates (Kato et aL, 1990; Takeuchi et al., 1990; Choo et al., 1991 ; H a n et al., 1991 ; Takamizawa et al., 1991 ; Mori et aL, 1992; Okamoto et al., 1992; Sarashina et al., 1993) . To determine whether one of these sequences acts as an NLS, we constructed three deletion plasmids derived from pSR37 as shown in Fig. 6 . COS cells were then transfected with these expression plasmids with deleted H C V cDNAs and the cellular localization of each expression product was determined by immunofluorescence..The first antibody was a mouse monoclonal antibody raised against the common epitope of the three proteins. Fig. 7 shows the cellular distribution of the three expression products harvested 72 h after transfection. The truncated core proteins derived from pSR37-dl and pSR37-d3 were located in the nucleus like that from the parental pSR37, whereas the truncated protein from pSR37-d2 was distributed throughout the cells. The reactivity with the antibody and the sizes of these expressed products were confimaed by Western blotting. All the expression products gave single bands with MrS between 17 000 and 18000. These data indicate that the basic amino acid cluster p3SRRGPR43 is important as an NLS of the truncated H C V core protein. Fig. 7 . Immunofluorescence of the truncated HCV core proteins detected in COS1 cells. Cells were transfected with pSR37-dl (a), pSR37-d2 (b) and pSR37-d3 (c) and harvested 72 h after transfection.
R. Suzuki and others
Discussion
The replication cycle of HCV is considered to be confined to the cytoplasm, as is the case with the distantly related pesti-and flaviviruses. HCV core protein is actually found in the cytoplasm of infected liver tissues (Hiramatsu et al., 1992) or in cells transfected with HCV cDNAs covering the entire genome (Manabe et al., 1994) or regions encoding whole structural proteins . In this study, however, the truncated HCV core protein with the C-terminal hydrophobic domains deleted was shown to be translocated into the nucleus, whereas the intact core protein was localized in the cytoplasm. Whether such truncated core protein is actually produced during the course of HCV replication has yet to be elucidated. However, nuclear staining of the HCV core protein is sometimes observed in liver tissues from biopsy samples from patients with chronic hepatitis C (T. Matsumoto and others, personal communication). Lanford et al. (1993) reported that two expression products of the HCV cDNAs comprising 115 and 150 amino acids of the N terminus of HCV core protein respectively were located in the nuclei of the insect cells when synthesized by recombinant baculoviruses. Likewise smaller species of the HCV core protein with an M r of about 18 000 reacted to antibodypositive human sera when the full-length HCV cDNA was expressed by a vaccinia virus expression vector (Martynoffet al., 1993; Selby et al., 1993) . Together with the intact core, a smaller core protein product, with an M r of 16000, has been shown to be synthesized from the core sequence of the HCV-1 isolate (Lo et al., 1994) . We also detected a smaller HCV core protein with an M r of 18000 in addition to intact core protein with a M r of 22000 in a human liver cell line which constitutively expressed whole structural proteins of HCV (T. Harada, unpublished) . Such truncated M r 18000 HCV core protein was shown to be exclusively localized in the nucleus by immunofluorescence (D. W. Kim, R. Suzuki, T. Harada, I. Saito & T. Miyamura, unpublished) . Furthermore, a recombinant adenovirus harbouring the HCV gene which encodes its structural protein produced proteins of M r 22000 and 18000 in liver cells (M. Makimura, N. Akino, S. Miyake, K. Takamori, Y. Matsuura, T. Miyamura & I. Saito, unpublished) .
The diameter of the nucleus pores through which molecules can freely diffuse is around 9 nm, which corresponds to the diameter of a spherical particle with an M r of about 70000 (Paine et al., 1975; Feldherr et al., 1984) . Consequently the truncated HCV core proteins, with Mrs of 17-18000, could possibly pass diffusively through nuclear membranes. However, the fused protein of the truncated core and p-galactosidase, with an M r of approximately 130000 was also translocated into the nucleus, while the authentic /~-galactosidase protein remained in the cytoplasm; the same approach was previously used to identify sequences involved in the transport of proteins into the nucleus (Kalderson et al., 1984; Moreland et al., 1985) . The findings described above raised the possibility that the truncated HCV core protein has the ability to translocate itself into the nucleus.
We postulated the presence of an NLS that is suppressed in the intact HC¥ core protein because of the extremely hydrophobic domains in its C terminus. There are three clusters of basic amino acids in the sequence of pSR37 coding for the HCV core protein. Experiments using pSR37 expression plasmids lacking one of these candidate NLSs demonstrated that the sequence W8RRGPR 43 plays an important role in the nuclear translocation of the truncated HCV core protein. This amino acid sequence has no identity with those identified previously in other viral nuclear proteins (Rihs et al., 1991) . However, a similar but not identical amino acid sequence, PRRSPR, is present in the E4 protein of human papilloma virus (Zachow et al., 1987; RogelGaillard et al., 1992) and the sequence PRRTPR is present in the IE110 protein of human herpesvirus type 1 (Perry et al., 1986) . Interestingly, PRRSPR partly constitutes the' SPK(R)K(R) ' motif of sea urchin histone proteins which play important roles in gene regulation (Suzuki, 1989) .
The translocation of the truncated HCV core protein into the nucleus does not by itself demonstrate directly the role of HCV infection in the development of HCC. However, it would be interesting to study whether such truncated HCV core proteins have an effect on the regulation of expression of other genes, particularly of cellular oncogenes. We are now attempting to clarify the biological activity of such truncated HCV core proteins translocated to the nucleus. Suppression of hepatitis B virus (HBV) replication in human liver cells, Huh-7, by co-infection of HCV was suggested to be attributed to the truncated HCV core protein (Shih et al., 1993) . In this report, however, the truncated HCV core protein of 122 amino acids was located in the cytoplasm 3 days post-infection and then found in the nucleus 6 days after transfection. The reason for this discrepancy is not known.
No satisfactory growth of HCV in cultured cells has ever been reported (Shimizu et al., 1992) . Consequently all information about the mechanism of HCV replication at the molecular level so far has depended on (i) comparative analysis of its genome with those of distantly related pestiviruses or flaviviruses, and (ii) experiments on gene expression of the entire or partial regions of the HCV genome in animal cells (Harada et The data presented here have provided a preliminary characterization of the HCV core protein. This analysis, however, is far from complete and the biological significance of the translocation process has yet to be determined. In particular, it is necessary to examine whether such a truncated HCV core protein is indeed produced and translocated to the nucleus of hepatocytes in certain circumstances during the course of HCV replication. Detailed analysis of the HCV core protein should help us to understand the pathogenesis of HCV infection and its involvement in the development of HCC.
